Recent optical heterodyne measurements with distributed-Bragg-reflector diode-laser pumps demonstrate that low-temperature-grown ͑LTG͒ GaAs photomixers will be useful in a compact all-solid-state terahertz source. Electrical 3 dB bandwidths as large as 650 GHz are measured in mixers with low electrode capacitance. These bandwidths appear to be independent of pump-laser wavelength over the range 780-850 nm. Shorter wavelength pumping results in a significant reduction of the bandwidth. The best LTG-GaAs photomixers are used to generate coherent continuous-wave output radiation at frequencies up to 5 THz. © 1995 American Institute of Physics.
Recent advances in terahertz technology are opening new avenues for research and enabling ''real world'' applications. [1] [2] [3] Many of the applications would benefit from a compact tunable source of coherent terahertz radiation. Previously we explored difference-frequency power generation at frequencies up to 3 THz using low-temperature-grown ͑LTG͒ GaAs as the photomixer. 4 -7 The photomixer consists of an epitaxial layer of LTG GaAs with interdigitated electrodes fabricated on the top surface. Two lasers illuminating the gaps between the electrodes generate differencefrequency photocurrents, and terahertz power is generated as the photocurrents drive a three-turn self-complementary spiral antenna. The advantages of LTG GaAs in this application are its short photoconductive lifetime ͑ Ͻ1 ps͒ and its high electrical breakdown field (E B Ͼ5ϫ10 5 V cm
Ϫ1
). It has already been shown that the high frequency performance of these devices is limited by the photoconductive lifetime of the LTG GaAs and by the RC product of the antenna radiation resistance and the interdigitated electrode capacitance. 8 The fastest devices previously reported showed 3 dB bandwidths of 405 GHz, limited by both lifetime and RC time.
The LTG-GaAs wafers in the present experiments were grown on semi-insulating GaAs substrates by molecularbeam epitaxy ͑MBE͒ at a temperature of approximately 200°C with arsenic overpressure. LTG-GaAs material grown under these conditions is known to contain a nonstoichiometric excess of roughly 1% arsenic. After growing approximately 1.5 m of material, the gallium source in the MBE chamber was closed and a thermal anneal was carried out at 600°C in the arsenic flux for a duration of 10 min. The thermal anneal causes the excess arsenic atoms to rearrange primarily as antisite defects ͑i.e., an arsenic atom at a gallium site͒ or as metallic arsenic precipitates.
Two LTG-GaAs wafers were fabricated with two different patterns of interdigitated electrodes. The devices on the wafer with the first pattern, which we will call mixer 1, have an electrode region that covers an area of 20ϫ20 m and the electrodes connect to opposite 20ϫ20 m pads. 7 The metals in the electrodes and pads consist of 1100 Å of Au on 400 Å of Ti. The electrodes and pads were fabricated by electron͑e-͒beam lithography and liftoff techniques. Each electrode is approximately 0.2 m wide, and the gaps between adjacent electrodes are 1.8 m wide. After e-beam lithography, the square pads were overlayed by a Ti:Au three-turn selfcomplementary spiral antenna fabricated using standard optical lithography. E-beam lithography of the second type of device, mixer 2, defined an electrode region that covers an area of 8ϫ8 m with the electrodes connected directly to the first turn of the spiral antenna. A scanning electron micrograph of the electrode region and first turn of the spiral in mixer 2 is shown in Fig. 1 . The spiral is a type of broadband antenna whose useful range can easily exceed 1 decade of frequency and whose radiation resistance within this range is given by R A ϭ60/(⑀ eff ) 1/2 , where ⑀ eff is the effective dielectric constant given by (1ϩ⑀)/2. 9 For GaAs, ⑀ϭ12.8 and R A ϭ72 ⍀.
The photomixer performance was first characterized by a setup in which the optical pump power is derived from two Ti:Al 2 O 3 lasers operating in the range 720-820 nm. The two beams are spatially combined in free space with the same polarization, and the combined beam is focused into a singlemode optical fiber to guarantee perfect spatial overlap of the two beams. The output of the fiber is refocused on the photomixer active region and generates photocurrent due to the 30 V bias applied between neighboring electrodes. The polarization of the optical beam is adjusted to maximize the dc photocurrent in the device. Difference-frequency photocurrent is radiated by the 72 ⍀ spiral antenna and produces radiation that propagates predominantly into the GaAs substrate. Radiation is coupled out of the substrate with a highresistivity silicon hyperhemispherical lens abutted to the backside. The radiation coming out of the lens forms a diverging quasi-Gaussian beam that is readily focused into a 4.2 K Si composite bolometer or Ge:Ga photoconductor using a TPX lens. The bolometer is useful in measuring the photomixer bandwidth, since, aside from standing wave resonances, it is fairly independent of frequency from 150 to 3000 GHz. For frequencies greater than 3000 GHz we use the Ge:Ga detector, which responds to radiation in the range 2-10 THz. The frequency of the output radiation was determined by monitoring the frequency of the two pump lasers to an accuracy of 0.01 cm Ϫ1 ͑0.3 GHz͒ using an optical wavemeter.
For the terahertz photomixer application, the most important characteristic of the material is the electron-hole photocarrier lifetime eh . To determine this quantity, we used the technique of time-resolved photoreflectance 10 and found eh ϭ0.24-0.28 ps for both wafers. The capacitance of the interdigitated-electrode structures is also important for highfrequency performance and is calculated to be Cϭ2.9 fF for mixer 1 and Cϭ0.5 fF for mixer 2.
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In Fig. 2 we compare the output power spectra for mixer 1 and mixer 2. Mixer 1 shows a 3 dB bandwidth of approximately 405 GHz, while mixer 2 is 3 dB down at 650 GHz. The photomixer bandwidth has been found previously to be consistent with the two-time-constant expression
where P 0 is the reference output power at low frequencies. Substituting in the time constants eh ϭ0.26 ps and R A C ϭ0.21 ps ͑0.036 ps͒, we predict a 3 dB rolloff frequency of 425 GHz ͑600 GHz͒ for mixer 1 ͑mixer 2͒. The predicted 3 dB bandwidths are in good agreement with the measured values. In addition to the increased bandwidth, mixer 2 has a significantly reduced rolloff rate beyond its 3 dB point when compared to the larger mixer 1. While mixer 1 rolls off by at least 12 dB/octave beyond 500 GHz, mixer 2 drops at 6 dB/octave until 1.5 THz and then begins to roll off more quickly. This behavior is expected for an initial decay determined by the photocarrier lifetime alone. Approximately 50 times more power is measured at 2.5 THz from mixer 2 than from mixer 1, because of the slower rolloff in mixer 2. In addition, we were able to measure output power at frequencies up to 5 THz from mixer 2 by using the Ge:Ga detector. Data shown for mixer 2 in the range 3-5 THz was normalized by the spectral dependence of the Ge:Ga detector response. Although the calculated capacitance for the 8ϫ8 m mixer 2 would place the R A C pole beyond 4 THz, we believe the additional 6 dB/octave rolloff occurring after 1.5 THz is caused by distributed time delay of the photocurrent in the electrode region. Also, there may be some losses at these frequencies from the skin effect in the metals. In order to demonstrate the potential of the photomixer as a compact source, we also pumped the mixer with singlemode diode lasers. We chose three commercially available 100 mW class distributed-Bragg-reflector ͑DBR͒ lasers operating at wavelengths near 850 nm. 12 The combined pump power from two lasers ͑100 mW maximum with a 3 dB optical combiner͒ is ample for our mixers, and a pair of lasers gives a tuning range of approximately 1.5 THz. Thus, an appropriately selected triplet of lasers allows tunability over the frequency range 0-3 THz, matching the spectral band of our bolometer. Tuning is achieved by a combination of temperature ͑coarse͒ and drive current ͑fine͒ adjustment. To avoid excessive power loss due to coupling into optical fiber, the combined beam is focused directly onto the mixer device. Shown in Fig. 3 are output power spectra for mixer 2 pumped with the Ti:Al 2 O 3 lasers at Ϸ780 nm ͑dashed line͒ or the DBR diode lasers at Ϸ850 nm ͑solid line͒. As can be seen, the power spectrum measured with diode lasers is com- parable to that seen with the Ti:Al 2 O 3 lasers. This demonstration is an important step toward the application of the photomixer as a local oscillator in satellite-based heterodyne receivers for terahertz atmospheric and astrophysical studies.
An important concern with many diode lasers is their susceptibility to optical-feedback-induced instabilities. We find the DBR lasers to be less sensitive to optical feedback than standard Fabry-Perot diode lasers; however, the use of a Si 3 N 4 antireflection coating on the top surface of the mixer is necessary to retain single-mode operation of the DBR lasers. In order to verify the spectral purity of the output radiation when pumping with the DBR lasers, we measured the linewidth directly on a microwave spectrum analyzer at low difference frequencies ͑0-20 GHz͒. In Fig. 4͑a͒ we show the short-time-scale linewidth, as measured by a single 20 ms sweep of the analyzer. A full width at 10 dB down of 100 kHz is observed, although this was limited by the instrumental resolution setting. The result of a 1 min integration of the linewidth is shown in Fig. 4͑b͒ , where the resulting 50 MHz width is dictated primarily by fluctuations of the laser temperature. Application of a simple laser drive-current feedback loop should allow the linewidth of the output radiation to be near the 100 kHz instantaneous measurement. Combined with the terahertz tunability, this linewidth makes the DBRlaser-pumped photomixer a candidate source for highresolution terahertz spectroscopy. 3 While exploring these devices, we investigated the effect of pump wavelength on output bandwidth over the range of 585-855 nm. As emphasized in Fig. 3 , virtually no difference was found between pumping with 780 and 850 nm wavelengths. When pumping with wavelengths shorter than 750 nm we find a reduction of the output bandwidth. At the shortest wavelengths accessed ͑585 nm͒, we find an additional 7-10 dB of rolloff by 1 THz. Although the explanation for this behavior is still being explored, one possible cause may be the intervalley transfer of highly excited photocarriers to longer lifetime states in satellite valleys prior to being trapped at the arsenic-related midgap states. Further investigation is underway to help determine the causes of this wavelength dependence.
In summary, we have measured difference-frequency power generation in LTG-GaAs photomixers across the range 0-5 THz. By reducing the area of the electrode region, we have pushed the RC limit for the photomixer beyond 2 THz. This allows us to measure a lifetime-limited 3 dB bandwidth of 650 GHz in a mixer with a 250 fs photocarrier lifetime, and leads to a 50 times increase in power at a frequency of 2.5 THz. By using single-frequency diode lasers to pump the improved photomixer, we also demonstrate an allsolid-state source whose coherent output is tunable from 0.2 to 3 THz.
